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SUMMARY

The hazards of lightning strokes to aircraft fuel tanks have been
investigated in artificial-lightning-generation facilities specifically
constructed to duplicate closely the natural lightning discherges to air-
craft determined through flight reseasrch programs and anslysis of
lightning-damaged aircraft over a period of mesny years. Explosion studies
were made in sn envirommental explosion chember using small fuel tanks
under various simulated f£flight conditions.

The results showed that there is a primsry hazard whenever there is
direct puncture of the fuel-tank wall, whereas the ignition of fuel by
hot spots on tank walls due to lightning strikes is umlikely. Punctures
of fuel-tenk walls by artificial-lightning discharges produced explosions
of the fuel in the mixture range from excessively lesn to rich mixtures.
None of the aluminum alloys, 0.081 inch thick or over, were punctured by
the lgborsbory discharges representative of natural-lightning discharges
to alrcraft; however, relience on this wall thickness for complete pro-
tection would not be justified, because occasional strokes are known to
be of greater magnitude and because ststistics reveal varistions in the
demage pattern.

Datse geathered by the Lightning and Transients Research Imstitute on
lightning strckes to aircraft show that 90 percent of the strckes recorded
have occurred in the tempersture range of -10° to +10° C, where many of
the jet fuels are flammsble but where aviation gasoline 1s overrich.

Also, 10 percent of the strckes recorded have been to the wings, which
are the principal fuel-storage areas for modern aircraft. Thus, there
is & hazard, pasrticularly for Jjet fuels. Certain protective measures are
indicated by the studies to date, such as the use of lightning diverter
rods, thickening of the wing skin in areas near the most probable stroke
paths, and the use of fuel-tank liners in critical areas.

INTRODUCTION

Adrcraft £lying in thunderstorm regions occasionally are struck by
lightning, and the striking of a fuel tank may result in e fire or
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explosion. A reseasrch progream has been underteken to evaluate this hazerd
by studying the basic mechanisms of fuel-tank ignition from lightning
strokes in verious envirommental end flight conditions. The phases for
vwhich there is limlted operating experience are especially emphasized;

for example, the operationsl hazaxrds arising from the use of jet fuels

end of wingtip fuel tanks.

The charsascteristics of natural-lightning discharges to airersft have
been studied by the Lightning and Transients Research Institute (LTRI)
through flight research programs, lightning-demage questionnaires, and
the analysis of meny damaged aircreft parts submitted for inspection by
airlines and by the military services over a period of years. The data
obtained indicate that a substantial number of strokes to aireraft involve
electrical charge transfers as lerge as 200 coulombs but have relatively
low current magnitudes and rates of rise of current. This suggests, as
might have been expected, that many strokes to aircraft sre of a cloud-
to-cloud nature, but it does not preclude the possibility that a stroke
to ground may be intercepted by an sircraft. Modern sirliners usually
fly over or through the upper regions of thunderstorms rather than under
them where strokes to ground occur, except, of course, during the landing
or, takeoff periods.

Owing to the long path lengths of natursl-lightning discharges, which
may extend for meny miles, the resistance of any short length of the path
hes little effect on the magnitude of the current, so that the discharge
can be considered to originate from a constant-current generator. There-
fTore, the energy developed In an object depends mainly on the resistance
(since the energy relesse is equal to fIZ Rt, where I 1s the current,

R the resistence, and + +the time of discharge). Thus, considerably
greater energles are released in resistive materials than in metals.

For exemple, strokes to radomes produce damage over aress several feet
in diameter, whereas strokes to metal aircraft skin seldom produce holes
larger then an inch in diameter.

Alrcraft psrts that have been demaged by lightning show two general
types of pitting. Strokes occurring toward the front parts of sireraft
sections are swept to the rear by the motion of the plsne; and, as the
aircreft passes the relatlively stationsry ilonized channel, small pit
marks or holes are burned along the surface or edge. The energy is re-
lessed over a relatively large ares, so that it produces only & small
emount of pitting at any one loecation. Strokes occurring directly to the
front, and particulerly those to the rear, of a section tend to heng on
at a single point for a large fraction of the stroke duration and thus
produce larger holes and more severe piltting.

When the lightning strokes are swept to the rear by the relative
motion of the aircraft with respect to the stroke chennel, the metal air-
craft skin is frequently not punctured and the guestion naturally arises
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whether a stroke that does not puncture a fuel-tank wall will esuse igni-
tion by heating of the wall. This was considered to be an important
question concerning the degree of hazard, and a theoretical and experi-
mental study of fuel-tenk wall temperatures due to lightning currents was
undertaken at the begimning of the investigation.

Other factors to be considered include the evalustion of the types
and magnitudes of discharges required to puncture various fuel-tank walls,
the conditlons under which & subsequent explosion or fire can occur, and
the effects of envirommental conditions, fuel types, and fuel-tank loca-
tion on explosion probability.

This investigation was carried out at the Lightning and Transients
Research Institute under the sponsorship and with the financiasl assistance
of the National Advisory Committee for Aeronautics.

APPARATUS AND PROCEDURE

The Lightning end Traensients Research Institute (LTRI) has developed
artificisl-~lightning-generation facilities that are particularly sultsable
for reproducing lightning effects on aircraft as determined by f£light
research programs made in cooperation with civilian airlines and the mili-
tery forces. The photograph and eross section of the lsboratory (fig. 1)
show the location of the high-voltage facilities and the lasrge door for
bringing voltaege outside the building to test objects such as the air-
craft in the foreground.

ITRI facilities for lightning studies include a 5-million-~volt im-
pulse generstor capsble of producing a standard ATEE 1.5%X40-microsecond
voltage wave (1.5 microsec to crest, 40 microsec to half voltage) and a
high-current generstor producing a 10x20-microsecond standard ATEE cur-
rent wave of over 100,000 amperes peek. Mixing the high-voltage and high-
current generatbors mekes it possible to reproduce some of the effects
found in the lightning-demaged aircraft components studied. However, a
comparlson of these effects and the dabta from the flight research program
shows that most lightning strokes to alrecraft involve much larger charge
transfers than are produced by the high-voltage end high-curyent waves
heretofore adopted as lightning test standards in the power industry.

For producing the high charge components of the natural-lightning
strokes, two additional genersator facilities are used. One of these units’
consists of a 3000-microfarad bank of 10-kilovolt capacitors which, with
appropriate wave-shaping inductance and resistence, produces = 2,000-
ampere current of 20-coulomb charge transfer. The second unit consists
of a source of 200 amperes d.c. that can be drawn at & source voltage of
elther 400 or 13,000 volts, depending on the length of the arc it is
required to sustein. This unit reproduces the low-current, long-duration

canponents of lightning discherges that have currents of the order of a
few hundred smperes.
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A schématic eircuilt disgram of all the génerators with their com-
posite lightning-discharge current waveform is shown in figure 2; and the
effects of the various stroke components of the three current generators,
which are the most important for metal fuel-tenk damsge studies, are
tabulated in table I. The heating effects are glven in terms of a multi-
Plying factor for a given resistance. It is-Interesting to note that
both the high-current and the long-duration low-current generators pro-
duce much less heating effect than the generator with intermediate current
and charge transfer. The three units together produce the major charac-
teristics of lightning strokes: large mechanical forces from the high
initial current, a large amount of short-duration heating and blast
effects from the intermediste currents, and €Fosion and pitting effects
from the large coulamb trensfers of the long-duration low current. The
high-voltage generator cen be used in conjunction with the current gen-
erators, but since it does not contribute significantly to the damage, it
is more often used separately to determine the most likely points on air-
craft sections or models that the lightning discharges will strike.

For model fuel-tank explosion studies a cylindrical steel tank, 9
feet in dlameter and 15 feet high, was constructed to contain explosions
end to permit evscuation for altitude testing. A blower supplied by the
NACA was connected to the tank for studying windstresm effects, and a
wind-tunnel sectlon was constructed through the tank interior ass illus-
trated in figures 3 and 4. A 8- by 6-inch cross section at the tunnel
throat produced the desired wind velocity of 300 mph. The tank was con-
structed with large, thick windows for photographic use and special high-_
voltage bushings for introducing high-voltage discharge at reduced gir
Pressures corresponding to high altitudes. A short plenum chamber, packed
with 2-inch furnsce pipe to straighten out the airflow, was constructed
to join the exponential section that reduced to the Plexiglas throat. A
Pitot-static tube and sirspeed indicator were used to calibrate the tun-
nel; &a constant velocity of about 300 mph was indicated over most of the
throat area. One section of the throat was left open to réceive the
fuel tanks.

Messurement equipment included an NACA recording mixture analyzer,
a potentiameter for thermocouple temperature measurement, an oscilloscope
for measuring fuel-tank pressures as determined with a plezoelectric gage,
and other miscellaneous equipment, all located outside the tank for pro-
tectlon from the explosions. Much of this equipment was electrically
grounded to the tank; and, since the impulse ground-conduction currents
raised the tank itself to substantlal voltege, an isolation transformer
was used to feed all equipment requiring s 115-volt source. A carbon
dioxide fire extinguisher was attached to the outside of the tank with a
nozzle connected through the wall, aimed at the fuel-tank ssmple. Thus,
any fires following fuel-tank explosions were easily extingulshed from
the camersa operator's position. The scale fuél-tank explosion tests gave
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as much difficulty as any high-voltage experiments made in this laboratory
because of the large amount of equipment involved and the many test-run
failures before the first successful tests were made.

The opersations included energizing the 13.8-kilovolt substation to
obtain sufficient power for the wind-tunnel blower, chaerging the three
artificlal-lightning generators used to produce the composite discharge,
setting the automatic timing devices for limiting the long-duration low
current, resetting the many overload circuit breskers, measuring fuel-air
ratio and temperasture, and edjusting cemeras and miscellaneous equipment
such as lights, and so forth. Although successful test runs required
cereful setups for each test and good coordinstion from the operators, it
was Pelt that further construction to obtain completely eutomatic opera-
tion was not justified for the number of tests contemplated.

Gesoline explosions of fuel tanks, even partially filled, constitute
e severe fire hazard; and, since explosions of full-size tanks were felt
to be a necessary part of the studies, provisions were made for reducing
the hazard to & minimm by confining possible explosions. A large pit
with concrete-block walls was constructed to confine the explosions to a
space next to the building beside the door where voltages and currents
could be brought out with relatively short lesds, as illustrated in fig-
ure 5. The 40-foot-square door sllowed maximum voltages to be brought
out to the pit test area. The 150-horsepower blower installed in the pit
behind sultable asbestos or block barricades provided the necessary flow
of air over the tank surface.

A special foam fire-extinguisher system for protecting the area was
installed, consisting of a 1,000-gallon tenk located at the top of the
leboratory bullding; a centrifugal pump, adding 100 pounds pressure to
the 20-pound tank head; foem supply and foam proportioner; two large foam
nozzles at each end of the pit, having capacities of. 110 gallons per
minute each; and the required 2- to 3-inch connecting pipes. For extin-
guishing localized flres and protecting the lsboratory building, a 100-
foot auxiliary hose that can be equipped with either a foam playpipe or
a water-fog nozzle was provided. The capacity was sufficient to cover
the floor of the pit with about 0.7 foot of foam. This system was con-
sidered adequate to extinguish possible fires, but the local cammunity
fire department could also he called immediately for sdditionsl protection
in the event that the limited water supply proved to be Iinedegquate.

The control and observation area in the building is indicated in
figure 5. All high-voltage controls as well as fire-extinguishing comn-
trols and voltage and current waveshape monitoring equipment are located
in this area. Two cameras were used in recording the tank explosions, a
16-millimeter motion-plcture camera located near the pit and a Fastax
cemera located on the bulilding roof. The Fastax camera recorded any
phenomens that occurred too repldly for accurate recording by the standard
movie ceamera.
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RESULTS AND DISCUSSION
Measurement of Fuel-Tank Wall Temperature

A lightning stroke hitting the outer surface of a fuel-tank well or
of a structursl member contalning fuel vepors msey puncture the wall with
a good probebility of producing explosion and fire; 1f the wall thickness
is too large to puncture, the stroke increases the temperature of the
inner surface of the wall. The stroke will ususily cause a small crater
of molten metel to form in the outside of the wall, which produces pitting
of the surface. Part of the molten metal is displaced by the explosive
force of the sudden heating, but part solidifies to add to the heat flow-
Ing into the wall. The temperature of the inner surface attains its
maximum value directly under the point of stroke contact =and decreases
rapidly at other points along & radial line from this point on the inner
surface. The purpose of this section is to determine, both theoretically
and experimentally, possible tempersture-~time curves for points on the
Inner surface of & fuel-tenk well when lightning strikes the outer sur-
face. The hazard due to these "hot spots" is evalusted in a later sec~-
tion. Symbols used are defined in sppendix A.

When & discharge hits a plate end does not puncture it, the heat is
conducted to the inner surface, ralsing the temperature of that surface,
end is also conducted radielly from the point of strake contact and dis-~
sipated in the remasinder of the plate. In the theoreticel study of the
heat flow in a plate (appendix B), a block on the surface of the plate of
depth B and of square cross section is assumed to be instantaneously
heated to a umiforin temperature which, for a lightning discharge, 1s teken
to be about 1,200° F, the melting temperature of sluminum. The heat flow
from the block into the plate is then calculated from the heat-conduction
equation to obtain the temperature at any point in the plate as a function
of the time. The calculations are simplified by computing only the tem-
peratures on the inner surface and by letting the breadth of the plate
approech infinity, since the size of the plaete does not meteriaelly affect
the heet flow to the lnner surface so long as the thickness is small com-~
pared with the other dimensions of the plate. . Graphical exsmples giving
the numerilcal results obtained by using thesé solutlons for a hot spot
directly under the discharge and for a point near this spot are also
presented in sppendix B.

Temperstures were measured experimentally in the large cylindrical
environmental cheamber shown in figure 6 so that the effects of tempera-
ture, aslrstream, and altitude could also be studied. The simulated dis-
charge was dlrected to the test plate through the high-voltage bushing
in the top of the tank. A block dlagram of the thermocouple system 1s
shown in figure 7. The thermocouple wires had to be carefully shielded
in the viecinity of the tank. Two shields, insulated from each other and

. SE6W)
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connected only at one point, were used between the thermocouple box and
the wall of the chamber. The outer shield carried the heavy discharge *
currents to the wall, while the inner shield provided additional shielding
from electric fields end from any possible unsymmetrical current distri-
bution in the outer shield. The thermocouple voltages were transmitted

to the amplifiers and recording equipment in a multiconductor shielded
cable.

The instrumentation for these measurements was set up to measure
pegk temperstures from gbout 500° ¥, roughly the spontaneous-ignition
temperature of JP-4 fuel, to gbout 1,200° F, the melting point of aluminum.
The oscillograph was considered the best method of recording the rise and
decay of the temperature-time curves and the pesk temperatures. Iron-
constantan thermocouples with size 36 wire were selected for this purpose
because of thelr adequate sensitivity, availability, and sufficlently low
thermal inertia to permit accurate measurement of temperature veriabtions
at a point. A box ebout 7 inches square and 2 inches deep shielded the
thermocouples from the large simulated-lightning discharge current. Test
plates of varlous representative wall thlicknesses were used as top covers
for the box, and simulated dlscharges were directed to the center of the
plate. The thermocouples were placed at a polint directly beneath the
center of the plate and on a redisl line from this point. The thexmo-
couple volteges were amplified by d-~c amplifliers having a 9-megohm input
impedance. The amplifier ocubtputs drove Brush recorders with an over-all
sensitivity of gbout 33° F per millimeter of pen deflection. The meximum
chart speed of the recorder was 71 inches per minute, or sbout 34 milli-
seconds per millimeter of chart movement. A selector switch was provided
for viewing or recording waveforms on & single-channel cathode-ray
oscillograph.

The theoretical results of sppendix B indicate relatively low tem-
perature peaks at points other than the point directly under the dis-
charge, and the explosion test resulis of the following section indicate
thet wall punctures caused explosions but that there were no explosions
definitely attributed to inner-wall heasiting. For this reason most meas-
urements were teken at the polnt directly under the discharge. The theo-
retical temperature-time curve for the inner surface of a 1/8-inch alu-
minum plate with a block, uniformly and instantaneocusly heated to the
melting point of aluminum, was calculsted fram the equations and curves
developed in appendix B. The block was assumed to be in the outside sur-
face of the plate, 0.5 centimeter squere and 0.159 centimeter (1/16 in.)
deep.

Fifteen high-current discharges were used In the experimentsl phase
of the wall-temperature study. A cross section through the center of an
actual crater obteined by discherging a laboratory lightning stroke to a
1/8-inch aluminum test plate is shown in figure 8. This crater is about
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0.045 inch deep becsuse of molten metals that have been spattered from
the point of stroke contact. However, some of the metal below the crater
floor was also heated to the melting point, perhaps to a depth of about
1/16 inch or one-half the wall thickness.

The theoretical temperature-time curve for a l/B-inch 2luminum plate
is shown in figure 9(a), and the corresponding experimental curve is
shown in figure 9(b). The two curves agree reasonsbly well. The rise
times of the two curves sre sbout the same. The slightly delayed, higher
and longer peek of the experimental curve was probably due to the latent
heat of fusion of the molten sluminum not displeced, which would tend ‘o
store heat at a constant temperature, and also to the fact that the dis-
charge was not applied instanteneously but supplied heat to the plate
continuously for gbout 20 milliseconds. The slightly higher tail on the
experimental curve at the longer times can be accounted for by the rela-
tively large ratio of the source size to the size of the thermocouple box
used in the experimental setup, since an infinite plate size was assumed
for the theoretical calculstions., An important experimental parameter
that could be investigated is the effect of an airstresm on the heat flow
to the inner surface. This factor should considersbly reduce the hot-
spot temperatures measured. -

In the curves shown in figure 9 the reference tempersture &8 may
be teken as the tempersbure of the molten aluminum; thus, in the experi-
mental case, the hot-spot temperature rises to about 530° F in ebout 30
milliseconds and decays to one-half value in 0.4 second from +t = O. As
the tank wall thickness decresses, the inner-surface pesk temperatures
will increase until the thickness at which punciure occurs is reached.
While the results of the sample fuel-tank tests show that puncture 1s the
most importent factor in causing fuel ignition, it would be of interest
to determine the transient temperature-time impulse curves required for
ignition of common fuels used in airecraft, as discussed in the following
section.

Fuel-Tenk Explosion Studies

To determine the speciflc conditions under which fuels can be
ignited, 6-inch-cubic sluminum tanks partly filled with eviatlon gasoline
or JP-4 were struck with 75 high-current dlscharges over a temperature
renge from 32° to 90° F. In formulating the problem, consideration was
given by NACA and LTRI to the following possible mechsanisms for igniting
fuels:

(1) The fuel is ignited by a hot spot on the wall of an umpunctured
tank.

G267
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(2) The discharge penetrates the tank end gppears on the inside to
produce the equivalent of sperk ignition.

(3) An efflux of fuel-air mixture out of the puncture exposes the
fuel to the lightning outside the tank. The fire then propagates through
the puncture to the inslde of the tank.

(4) Incandescent metal particles shower into the tank when the
lightning strikes the wall.

Meny lightning strokes to airecraft are swept over the surface of the
aireraft, and frequently pitting occurs without actual puncture of the
skin. It is of considersable interest, therefore, to determine whether
hot spots on a fuel-tark wall due to lightning that does not puncture the
well could cause ignlition. The temperature-time parameters pertinent to
mechanism (l) were considered in the preceding section. The tempersture-
time graphs for sn aluminum tank wall 1/8 inch thick (fig. 9(b)) indi-
cate that for the experimental 20-coulcmb discharge the Ilnner-wall
tempersture wlll exceed 480° F for only gsbout 60 milliseconds. This 1is
approximately the slow spontaneous-ignition temperature of kerosene or
JP-4 and corresponds to about four-tenths of the outer aluminum wall
melting temperature of 1,216° F. The investigations of reference 1
show that ignition of methane-air and hydrogen-air mixtures in 40
milliseconds by hot wires requires tempera.tures estimated to exceed
2,400° F and possibly as high as 3,500° F, an increase of 5 times the
slow spontaneous-ignition tempera'bures

The experimental discharges were 20 milliseconds in durstion.
Strokes to the side wall of an exposed sircraft fuel tank should not hang
on to any one point on a smooth surface for longer than 10 milliseconds
because of the aircraft motion. Pit marks from strokes to alrcraft that
have been swept over a wing or fuselage surface are generally spaced from
a few inches to a few feet apart. Assuming an aircraft velocity of 140
mph or 205 feet per second, this would correspond to & maximum time dur-
ation at any single point of 2 feet/205 feet per second = 9.8 millisec-
onds. Thus in view of the short stroke durations, windstream cooling
effects, and resultant lower expected fuel-tank wall temperatures, it
seems improbable that strcokes thet do not puncture should ignite sircraft
fuels. It should be emphasized, of course, that this applies only to
strokes that are swept and not, for example, to strokes that hang on to
the trailing edge of a section and may easily last for periods approach-
ing 1 second. Additionsl data on the short-time ignition temperature
characteristics of aircraft fuels are required for greater assurance on
this point.
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From the preceding considerations the question neturally arises
whether, for short-duration stroke energies slightly below the level re-
quired to puncture the tank wall, the metel will be nearly molten and the
temperature be high enough to ignite the fuel. It is concelvable that,
while the temperatures would greatly exceed the slow spontaneous-
cambustion temperature of the fuel, the time duration would be too short
for ignition. In order to investigsbe this possibility, a serles of tests
was made on the 6-inch-cubic tenks of 0.040- and 0.064-inch thickness
using stroke energies at approximately the puncture energy level, in
which 53 discharges were fired to the series of tanks. The strokes punc-
tured the tanks 16 times and feiled to puncture them 37 times. In every
case & puncture was accompanied by an explosion, and in every case but
one a failure to puncture produced no exploslion. The results of these
tests were verified in succeeding tests on other phases of the problem.
The one explosion that occurred without fuel-tank puncture was due to a
discharge that accidentally struck the tank a few inches from & vent hole

A photographic sequence of fuel-tank ignition by an artificisl-
lightning discharge that punctured the tank wall is shown in figure 10,
as recorded by a Fastax camera. The discharge contacted the rear of the
tenk, burned a hole through it, end ignited the mixture within a few milli-
seconds. A similer sequence 1ls shown in figure 11 for a 300-mph wind-
stream and with the electrode on top of the tank. Although a longer time
was requlred for puncture of the second tank, the explosion flamefront
velocity appears to be about the seme for each case, as does the time
required for the tanks to explode, which 1s less than 40 milliseconds.
The mixtures, in each tank were fairly close to optimum.

A sketch of the test arrangement for these fuel-tank studies is shown
in figure 12. The fuel-alr ratios were held in the explosive range during
the tests as recorded by the NACA fuel-gir anslyzer. Temperatures of the
fuel were controlled and recorded. The fuel-air ratios were controlled
by bleeding air slowly into the tenk until the proper mixture was ob-
tained. Owing to the 40-second delay of the mixture analyzer in record-
ing the fuel-gir mixture, the mixture rates of change were kept low to
minimize interpolation errors. The tenks were normally filled not more
than 1/4 inch with fuel. Examination of the areas where the discharges
occurred without puncture Invarigbly disclosed fine cracks, probably due
to the local heating and cooling, that extended through the tanks and
permitted fuel to leak out. These are not considered to be serlous,
gince they probsebly occurred after the metal had cooled and no external
fires occurred. A photomicrograph of one of these areas 1s shown in
figure 13. B

Next, a series of tanks was punctured by heavy discharges while the
nmixture was varied. In nesrly every case the tank exploded over a range

GC67
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of mixtures from 0 to 100 and 100 to 160 extrspolated beyond the normal
analyzer range of O to 100 parts per thousand. The analyzer was examined
to determine whether the indications were incorrect, but pure alr pro-
duced a reading of zero snd warm fuel in the tank drove the snalyzer off

.scale past 100. Im addition, explosion pressures were messured for a

range of mixtures. The pressures were higher Inside the 60 to 80 range,
generally bursting the tenks and roughly confirming the accuracy of the
mixture enalyzer. Only JP-4 was used in investigating hot-spot ignition
of fuels, since it was conveniently In the explosive range at room tem-
perature and also had a low spontaneous-ignition temperature; but both
JP-4 and lOO/l30-grad.e aviatlon gasoline were used in the pressure meas-
urements. Explosion of the tanks at extremely lean mixtures was sttrib-
uted to nonequilibrium conditions: a lean mixture in the space over the
fuel which the analyzer sampled, and a cambustible mixture at the fuel-
alr boundary ignited by spark showers from the puncture. FPhotographs of
spark showers from punctured aluminum sheets are shown in figure 14.

To measure overrich mixtures, which were not measured by the mixture
analyzer, specific mixtures were obtained by allowing partislly filled
fuel tanks to came to equilibrium at particular temperatures. For exam-
ple, tanks with gasoline held for 5 minutes at 80° F were assumed to con-
tailn an extremely overrich mixbture. Puncturing discharges did not cause
an explosion, but a fire was started at the puncture hole thet continued
for 1 minute until put out by en extinguisher. Gasoline held at 32° F
4id not explode; however, JP-4 did explode at this temperature. Dis-
cherges below the liquid level produced fires at the puncture point but
no explosions.

In snelyzing the sequence of explosion experiments, the mechanisms
listed at the beginning of this section that appear the most likely are
the direct puncture of Puel-tank walls followed by (2) explosion and (3)
externsl fires. Ignition by (1) hot spots seems improbsble on the basis
of the investigations of the preceding section, and (4) the showering of
sparks into a tenk with no puncture would be even more improbsble, since
the wall would probably not be hot enough to spark 1f it would not ignite
the fuel,

Although initial measurements indicated that lightning-discharge
currents becasuse of thelr great energlies were capsable of igniting fuels
over a grester range of mixtures than would be possible with spark igni-
tion, particularly with leen mixtures, basically the investigations
showed. genersl sgreement with existing flammsbility data. Overrich mix-
tures were not exploded, bub external fires occurred at the puncture
holes. Lean mixtures were ignited, but ignition of lean mixtures due to
mists (e.g., from agitation) has been genmerally recognized. The explo-
sion hazerd is considered to be more serious than the fire hazard. Ex-
ternal fires can occur whenever a fuel-tank wall is punctured, with any
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fuel; but alrcraft fires, though a serious matter, can often be controlled.
Because of the low flame-propagstion rates under any but extreme condi-
tions, these fires are sometimes extinguished by the windstream, some-
times by special meneuvers of the aircraft, or by carbon dloxide systems.
Explosions of fuel tanks, on the other hand, can result in severe struc-
tural demage or loss of the aircraft. For this reason, the most signifi-
cant informstion regarding the degree of hazard is probably the relation
of the flammebility renges of various fuels to the temperstures at which
most lightning strokes to aircraft occur.

LTRI records show that, for 109 lightning strokes to aircraft on
domestic flights, 93 percent occurred within 10° C of the freezing tem-
perature, or from 14° F to 50° F. This tempersture range includes the
flemmebility range of JP-4, 1s below the lean limit for JP-5, JP-1, or
kerosene, and includes the rich reglon for JP-3 and the extreme overrich
range for aviation gasoline. Thus, the safest fuel with respect to
lightning hazards would be avliation gesoline, wilth JP-4 the worst. The
safety of JP-1 and JP-5 eppears to depend on how readily they form mists;
also, the precise mechanism by which LTRI obtained explosions of lean
nixtures needs further clarification. -

The experimental results have been confirmed by recent flight-damage
reports of lightning strokes to sireraft fuel tanks. Holes in tanks from
lightning, a gasoline fire in one tank that burned for 15 minutes, as
well as an exploslon of a Jet sircraft wi@gtip fuel tank just afber it’
had been jettisoned have all been reported within the last nine months.
Thus, no other conclusion can be reached but that jet fuels, JP-4 in
particular, present a much more severe exploslon hazard than sviation

gasoline, which has shown a good safety record to date.

Metal Erosion from Lightning Discharges

In order to determine the enérgies and charge transfers required to
puncture various thicknesses of aircraft aluminum alloys, 75 high-current
leboratory discharges with end without windstreem were fired to test sam-
ples of three alloys commonly used for fuel-tank wells. The alloys were
2024-T3, 3003-H14, and 6061-TS in 0.020-, 0.040-, 0.064-, 0.081l- and
0.102-inch thicknesses. A tapered double-wall construction was used with
the two thinnest samples to examine the relative merits of double-wall con-
struction egainst single walls of equivalent thickness. The walls were
spaced 1/8, 1/4, 1/2, and 1 or more inches gpart. The artificial-lightning
discharges discussed in the APPARATUS AND PROCEDURE section were used to-
gether to produce a single standerd combined discharge. As discussed
previously, the predominent factor in puncture of aluminum tank walls is
the charge transfer of the long-duration low currents and of the inter-
mediate currents; however, since the metal erosion for a glven

G¢6¥%
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cherge transfer is modified to some extent by the current-magnitude,
relating metal erosion to cherge transfer is of course an gpproximstion.
Holes burned in the ends of wingtip tank tailcones by natural lightning
(fig. 15(a)) can be compared with holes produced in aluminum sheet by
lsboratory discharges (fig. 15(b)). In the 30-coulomb lsboratory dis-
charges, the hole size varies considergbly with the current magnitude.
The standerd discharge that ITRI has adopted as representative of strokes
to aireraft will duplicate most of the damsge done to airecraft, but it
should be noted that occasionally there will be strokes that may exceed
200 coulambs by a considerable amount.

The combined artificial-lightning discharges fired to the various
alloys produced punctures in all thicknesses through 0.064 inch but in
none of the alloys 0.081 inch or over with the exception of some in the
windstream tests in which the vibration caused the arcing electrode actu-
8lly to contact the aluminum sheet. Owing to difficulty in maintaining
the arc with the alrflow present, the windstream tests were not considered
to be representative of natural-lighining discharges under windstreem
conditions, since the arc was confined to one point, but they did provide
valueble information regarding cooling and other secondary effects. Use
of higher potential long-duretion current sources and a larger wind-
tunnel section would permit longer ares that would be more representative
of natural-lightning discharges to alrecraft; however, this would not pro-
duce conclusive information as to hazard, because the variation in
natural-lightning discharges is so great that no reasonable value of
stroke magnitude can be selected as a "probable expected meximum." Dis-
coloration and heat distortion of the metal, noted when no windstream was
used, were almost totally absent with the windstream, indicating an ex-
tensive cooling effect; the metal erosion was clean and slightly more
severe, apparently because of the plentiful supply of oxygen. It is
interesting to note that flight-damage reports heave mentioned similexr
effects; for example, one reported that "burned spots on the tenk re-
sembling momentary touches by a cutting torch clearly indicate that dem-
age was done by a lightning strike." In tests of double-wall sections,
0.040-inch saluminum hed to be separated l/ 4 inch to be equivalent to one
0.081l-inch wall, and double-wall sections of 0.020-inch aluminum were

punctured when separsted over l% inches. FPhotographs of the effect of

the discharges on aluminum sheet are shown in figure 16.

The knowledge of the sweeping effect of the aircraft motion in re-
ducing the localized pitting by distributing the stroke energy over a
large aresa had esrlier permitted some optimism regarding the need for
lightning protection of fuel-tank side walls. As an exsmple, the effect
of aircraft motion in sweeping natural-lightning discharges is illustrated
in figures 17 and 18. In the tip tank tailcone shown in figure 17, two
small pit marks are shown on the side weall, but a moderate-sized hole may
be seen at the rear where the stroke could hang on for an extended period.
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Holes in 0.020-inch airecraft skin are shown in figure 18. The stroke
apparently struck a long wire antenna attached to a VHF mast located at
the left and was conducted along the wire and down the mast to the base -
where it burned a large hole as the alrcraft moved forward. At this
point it probably broke away from the mast to burn the series of small
holes in the thin aluminum sheet.

Although the standard lseboratory discharges considered to be repre-
sentative for alrecrsaft struek in flight did.not puncture aluminum sheet
0.081 inch thick, it is felt that complete rellance on this wall thickness
for protection from neturel strokes to alreraft would not be Justified
because of the occasional strokes that are known to contain considerebly
greater charge transfers than the 200 coulcuibs used In this sequence of
tests. Although the probablility of such a discharge to a fuel-tank side
wall is small, the consequences are so serious that additionel precau-
tions are felt to be necessary. Such edditional precasutions could include
ribs on tip tanks, location of tanks away from the immediate tip area where
lightning strokes are most likely to occur, use of fuel-tank liners in
critical areas nesr the wingtip, or thickening of the wing and use of
lightning diverters to divert strokes from critical areas such as fuel
vents, .

Lightning Strike Data Pertinent to Fuel-Tenk Hazards

In the preceding sections of this report, references have been made
to LTRI data on.lightning strokes to aircraft. Pertinent sections of
these data sre presented in figures 19 to 21. The distribution of light-
ning strokes with temperature for domestic alrline f£flights 1s shown in
figure 19. Over 90 percent of the strokes for which the temperatures
have been recorded occurred within the range of +10° to -10° C, and 65
percent of the strokes occurred in the rasnge of 0° to +5° C. This 1s
not surprising in view of the most widely accepted theory of thunderstorm
electrical charge formation by separation across the freezing level.

It has been suggested that the strokes are grouped gbout the freezing
level because it happens to correspond to the most common flight alti-
tudes. The ITRI date on the distribution of strokes with altitude (fig.
20) disproves this theory. These data, which show that the strokes
occurred at no particular dltitudes, indicate that the probebility that
an aircraft will be struck is relasted to its proximity to the freezing
level. Most strokes occurred at altitudes of 6,000 feet or over where the

cloud-to-cloud discharges of low-current megnitudes and high-charge trans-

fers are more common. This is in agreement with the enalysis of
lightning-dameged ailrcraft parts, which shows that a substantial propor-
tion of such parts have passed high-charge transfers.

SE6¥
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The anslysis of the distribution of damege presented in figure 21
shows that a substantial percentage of strokes occurred to the wings,
which in modern eircraft are the principal fuel-storage loecations. Fig-
ure 21 is based on 431 incidents, which 1s considersbly more then for
figures 19 and 20 because most stroke reports received record the part
struck but some do not record the temperature or altitude.

Model Studies of Most Likely Points of Lightning Strike

Flight-dsmaege report statistics are a great aid in evaluating hazards
because they provide general informabtion as to the most likely points for
lightning to strike. Model studies are also effective for studying crit-
ical areas of aircraft in some detail. Although extensive model studies
were not contemplated in this investigation, preliminary studies in an-
other investigation indicate that, for the wings, the most vulnersable
areas are the tip areas and the areas behind the propellers om propeller-
driven aircraft. Direct strokes to the wingtip and strokes to the pro-
pellers that can be swept back by the alrstream over either the top or
bottom of the wing are most probeble. Two-million-volt discharges to
model aircraft are shown in figures 22 to 24. Discharges to two model
aircraft (figs. 22 end 23) illustrate the high probability of vertical
strokes to the vertical fin, Strokes to the model from various angles
permit evaluation of the most probsble points of lightning strike; and,
by use of intermedlate-sized model sections, somevwhat more detailed in-
formation may be obtained. This information, as related to the airflow
direction, permits falr estimates of protection in these critical areas.

The stresmer on the wingtip of the aircraft in flgure 23 illustrates
effectively the mechanism of lightning-stroke approach to en aircraft.
When the edvancing step leader of a lightning stroke nears the alrcraft,
an intense electric field is set up and corona streamers produced by this
field leave the aircraft from high-gradient points to meet the step
leader. The step leader contacts the aircraft through one or more of the
streamers and raises the aircraft potentisl to a value sufficient to pro-
duce streamers off the opposite aircraft extremities. These streamers
form the step lesders for further sdvance of the stroke past the aircraft.
The formation of streamers is determined by the extent of the f£ield dis-
tortlon gbout the aircraft. Their formation near the alrcraft is probably
effected by the pressure variations caused by local turbulence; however,
this has not been definitely estgblished.

Electrolytic tank plots of the electrice-field configuration about
the aircraft model alsoc give a clear picture of the extent of the field
distortion, which is only indireetly illustrated by photographs of strokes
to a model. An electrolytic tank plot of the electrie field gbout the
model of figure 24 is shown 1n figure 25 Just before and after a light-
ning stroke contacts the aireraft. The extent and Intensity of the
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electric field are meximum sbout the nose and wingtip fuel tanks, as in-
dicated by the spacing end shape of the equipotential lines. This is in
agreement with the high-voltage studies, which showed dbout equal proba-
bility for strokes to the aircraft nose or front of the wingtip tank
(fig. 24). More extensive studies of this type would be valugble in gen-
eral development of protective measures, especislly in studies of partic-
wlaer areas of speclfic alrcraft.

CONCLUDING REMARKS

This experimental Investigation of the various mechanisme of fuel-
tank explosion due to lightning strokes reveals that there is a primary
hazard whenever there is direct puncture of the fuel-tank wall but that
the ignition of fuel by hot spots on tenk walls without puncture is un-
likely. DPunctures of the fuel-tank walls by artificial-lightning dis-
charges under various envirommental conditions produced explosions of
fuel mixtures varying from excessively lesn to full-rich. When a hole
wes not actuslly made in the inner fuel-tank wall, temperatures exceeded
one-half the exterior molten-aluminum temperatures only for brief pericds,
probably insufficient to cause explosion of aircraft fuels. Additional
date on the short-time ignition temperature characteristics of aircraft
fuels are required for complete assurence on this point.

LIRI data on lightning strikes to alrcraft show that 90 percent of
the strikes recorded have been in the temperature range from -10° to
+10° ¢, where many of the Jet fuels are explosive but where aviation
gasoline 1s overrich. Also, 10 percent of the strokes recorded have been
to the wing areas, which for modern alrcraft are the principal fuel-
storage areas. These results indicaete that protective measures are
needed, particulerly for Jet fuels end to & lesser extent for aviation
gesoline, which, although not explosive in the temperature ranges at
which most lightning strokes occur, can be ignited to produce external
fires.

Fuel-tank slwminum alloys 0.081l inch or thicker were not punctured
by discharges representative of natural-lightning discharges to aircraft.
However, relisnce for protection from alrcraft lightning strokes solely
on increasing tank thicknesses to 0.081 inech is not necesserily a solu-
tion, since occasional strokes are known to contain considersbly grester
charge transfers then the 200 coulombs used 1n the experimentel studies.
Although the probability of such strokes to critical areas is small, the
consequences - posslble fires or explosions - ere so serious that addi-
tlonal precautions are felt to be necessary.

While protection-system development is beyond the scope of this
report, the following suggestlons can be mg@e for development of protec-
tive measures:

SC6%
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(1) Some thickening of specific tank areas or use of externmal fins
or ribs to be located on the basis of the probebility of discharge paths
may considersbly reduce the hazard.

(2) Several types of fuel-tank liners may be used adjacent to the
most probable discharge path.

(3) Lightning-diverter rods may be used to divert strokes from
critical areas such as fuel vents.

(4) Blowout panels may be used in tanks near the wingtip to reduce
the stress on the main wing structure due to a tenk explosion near the
tip.

(5) Plastic wingtip tanks, though considered quite hazardous without

specific protective design, might be made safer than conventional metel
tanks.

Lightning end Transients Research Imstitute,
Minneapolis, Minn., February 1, 1957.
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APPENDIX A

SYMBOLS

coefficient in Pourier series

Sce7

length of side of plate
thickness of plete
capacity

speclfic heat

voltage

current

thermal conductivity
non-negative integers

quantity of heat

resistance

temperature

time

time constant t' = b/mi®
temperature at t = 0

rectangular coordinates

length of side of heated block

depth of heated block

Kronecker symbol (defined in eq. (14))

reference temperature rise (initial temperature of heated block)

thermal diffusivity
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o) density
v2 differential operator (v
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APPENDIX B
HEAT FLOW IN A PLATE DUE TO LIGHTNING STROKE

Introduction

When a lightning stroke hits & metal plate, such a8 a structural
member of an airplame, it may burn through the plate or i1t may burn out
only & small pool of metal, causing s pitting of the plate. Of course,
the worst damage is caused when a hole is burned through the plate. The
material on the back side 1is then open to demage by the arc; and, if a
member such as & gas tenk is involved, explosion may result.

Even if the plete is not burned through, there may be a sufficiently
great release of heat energy in the plate to lead to severe damage. The
question is whether a large enough tempersture rise may occur on the
inner surface of the wall of a gas tank to inltlate an explosion in the
tank. This problem in heat conduction is theoretically analyzed herein.

Theory

Consider a metal plate in the form of a square of side & and of
thickness b, with a >>b. Tske a rectangular set of coordinste axes
with origin at the center point of one side of the plate, referred to as
the inside surface. Orient the x,y-axes parsllel to the sides of the
plate, and the z-axis normal to the inside surface. The outside surface
of the plate then corresponds to the surface 2z = b. The lightning stroke
will be supposed to strike the outside surface of the plate st the point
(0,0,b), directly opposite the origin of coordinates O of the. coordinate
system, and to release there a quantity of heat § at time % = 0. The
problem 1s to evaluste the temperature distribution on the inner surface
of the plate as a function of time; in particular, the temperature at
the point 0, which will he the hottest point on the inner surface.

Since this is a demage problem, it is best to set the conditions on
the anelysis so that the temperature rise on the immer surface will be
overestimated rather than underestimated. Therefore, the analysis is
simplified by supposing that no heat is lost fram the plate either by
radiation or by conduction to the air.

The hest-conduction equation

(xzvz - 5375-) T =0 (1)

Gc6v
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is to be solved in the region

-8, a
& = 2
=< V<3 (2)
0<z<D
with the bowmdary conditions
%=o at x= 1=
aIl:o a,'b = a8 3
5 ¥y =25 (3)
oT
=0 gt z=0,b
EE J

The following functions are special soclutions of the hest-conduction.
equation (1)} that satisfy the boundery conditions (3):

cos [(%f) (= + g)] cos [(%) (v + .g:)] cos [(.n%f.)z] exp(-Aypit) (%)

where 1, m, and n are non-negative integers and

2 2 2
2] (ix mst ng
A = K —_— —_— —_—
= |0 & - 5] @
Wext, these partlcular solutions are combined in such a manner that
the initial conditlons representing the heat source produced on the out-
slde of the plate by the lighitning stroke are satisfied. For this pur-

pose the general solution for the temperature at any point in the plate
is formed:

= ix & m a patig -

T(x,y,2,t) = E Almzcos[-a—)(x + -z-)]cos [Qa—)Q' + 2):‘ cos [(_b)z]exp( len'b)% (8)
7,m,n=0

Let the temperature distribution at % = 0 be known, so that

T(x:YJZJO) = u(x,y, Z) (7)
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is a known function of the coordinates x,y,z in the plate. Combining
equations (6) and (7) gives

= 52 o [+ 9] () )] = [0
(8)

1,m,8=0

In order to express the coefficients in this Pourier series in terms
of the function u(x,y,z), the symbol M[F(x,y,z)] 1s defined as the
mean value of the function PF(x,y,z) over the volume of the plate. That
is,

af2 raf2 [P
M[F(XJYJZ)] j f F(x,y,z) dz dy dx (9)
—a/z -a/2

where aZb is the volume of the plate.

. Using equation (8) and the usual methods of calculating the coeffi-
clents in & Fourler series glves

w{u(x,7,2) cos [22) = + 2] cos (=) (v + 2)] cos[g 2|}
b {eos? [() (x + 5)] oo () o + 3)] o [ )]}

The evaluation of the initial temperature distribution u(x,¥y,z)
requires simulating the heating effect of the lightning stroke in some
suitable fashion. Suppose that at t = O en amount of heat Q 1is 1lib-
erated in a small block of the plate defined by the conditions

Mmn =

o‘|§

QO 8
= —2 2

sysz<2 (11)

The heat is thus liberated in the small block of dimensions o,a,p sit-
uated on the outer surface of the plate, Just opposite the polnt O omn the
plate. The material in thils block will be raised to the uniform
temperature
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g= (12)

where ¢ 18 the specific heat and p 1is the density of the metal. The
function wu(x,y,z) will be equel to © in this block and equal to zero
ocutside it.

'I‘he coefficients Ay, from equation (10) cen now be evaluated eas

\ [2: ooy = Lo ool -5

[, fleyrle]

_[—(l + 8, O)J [—(1 + 8y O)J [-(1 + 8y 0)_[

For convenience of notation the Kronecker symbols are used:
1 if 1 =
o) =
L0 1o 12 2 #0

Cerrying out the integrations indicated in equation (13) yields
o/2

[ oo e ] o 5 o [09] - == s

(%:) sin (;’—Z;E) cos GZE)

0 if 1 1is odd

(14)

wl-

in [ 1=
() /2 ~2e/% 4r 1 is even
2a

(15)

(13)
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fb 1 cos [@;r_)z]az 1 {sin (1) - sm[mQ%ﬁ]}
(&) == () ol (5
(- )“(m) sin (mrﬁ) cos (122
Corp) -

b

o'

This ylelds the general formuls .

ouz B

7o s mRA\ anp!
Ay = 61 v ()[(zm)/almsin( ) 1n( ) sin (22B)
’ ’ [—zl'(l+az,o)] [%'-(h%’ 0):' _'217(1"'511,0)_ zm' ) (mtﬁ) (17)

Here 1 and m have only even values, since by equation (15) the coef-
ficient Ajp, will venish if 71 or m 1s odd.

The final solution of equation (6) for the temperature distribution
in the plete for t 2 0 can be written as

pizﬁ w(a,a;x,t)¢ (a,c"iy)t) ¥ (Db, B; z,%) (18)

T(x: ¥,2,t) =
C

where

= (_)1/2 % ol 8)| gin| X%
o(a,a3x,t) = ;(104.[&: ()J)(x - 2)] in%’_) exp[ C"")z-t;:‘
1=0,2,4, « .« .« ’

(19)

¥(b,B;2,%) = cos[ )2 - m(r 3@[@“’9 ]

(l+5 o) Lt
n=0,1,2, « . . 2 b

(20)
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If 1 1is even,

@]Vl e

so that the new summation index, p = 1/2, can be introduced, which takes
all non-negative integral values, and formula (19) can be replaced by

o(a,0;%,%) =

cos (§E£§) sin (P“ x
;(l + 81,0) I: (Pn’ ) ]

=0,1,2, . ..
(22)

The formulas glven represent the exact solution of the proposed
Problem. However, in view of the nature of the applications to be mede
of them, it is feasible to &llow some simplifications.

The size of the plate 1s not very material to the flow of the heat
to the Inside of the plate so long as the thlckness 1s small compared
with the breadth of the plate. It is therefore convenient to take the

limit &a-*w. In this case,
¢ (a3x,t) = al_’:me o(a,x;x,t) (23)

The series in equation (22) goes over into an integral, and on working
out the process the followlng solution i1s found:

o(ayx,t) = 1% fﬂ ﬂ?—g cos (2%:75) exp[-(z_’;ﬁft:ldz (24)
0

vhere £ = pnafa.

This function can be reduced to a more convenlent form for numerical
computations. Introduce the following notation (which is valid for

t > 0):
o)

(25)

)"
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Substitution into equation (24) yields

z fo ) ﬂg’ﬁ) (ﬁ?) exp (-u?) du

0 (o3%,t)

[ ) - )] =

© (26)
Now define the funetion
g(n) = %f -S-E‘J“m exp (-u7) dp (27)
o}

Meking use of this abbreviation gives from equation (286),

o(ayx,t) = %[g(%—%—%) - s(:—x-——%)] (28)

From equstion (27),

. ¢ j: cos (2n) exp (%) au
- ,\/L'E exp (-n%) - (29)

on meking use of formula 508 of Peirce's table of integrals (ref. 2).
Tt is obvious from equation (27) alsoc that g(0) = 0. BEguation (29) is
integrated directly as a differential equation:

1 .
g(n) = 72:?_[ exp (-u?) au (30)
0

This shows that the function g(1n) defined in equation (27) is just the
ordinery probgbility integral and thus can be found tabulated in numeri-
cel form.

SE6¥
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The following formula for the temperature distribution from the heat
source (strictly speeking, in a plate of infinite breadth) is finally
obtained:

T(X:y,z:t) = ﬁg q’(a'ix:t)q’(“;y’t)*(b: B;z,t) (31)

with the function ¢(o;x,t) defined by equstion (28) and the fumction
¥(b,B;z,t) defined by equation (20).

Discussion of Formula (31)

Formula (31) gives the temperature distribution throughout the plate
resulting from the heat source introduced by the lightning stroke, In
applying the result > only the temperature distribution over the inner sur-
face needs to be known. This is obtained by setting z = 0 in equation
(31). For simplicity of notetion, this temperature function is written
as follows: -

TO(X) yit) = T(XJ Y:O,;t) (52)
The following formuls results:
Q

cpa?B

To(x,¥5t) = o(a;x,t) 0 (a5 y,t)¥ (b, B;0,4) (33)

vwhere, from equation (20),

(-)% sin (EIFB') eX_p[- M)zt—‘l (34)
Lo =L G

w(b,B;O,t) =%
n=0,1, ...

Since the temperature distribution To(x, y;t) is expressed in eque-

tion (33) as the product of two types of functions, it is convenient to
examine the neature of each of these functions separately.

At the initisl instant + = 0, conditions require that the whole of
the inner surface of the Plate be at the uniform temperature taeken to be
T = 0. Therefore, the following must be obtained Prom equation (34):

¥ (b, B;0,0) = £ ()" sin (_;!%r_ﬁ>

v ) Ins %,0)(5%@)= 0 (35)
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This is an alternating series of a type somewhat difficult to handle,
since the terms do not diminish very rapldly in megnitude. There will be
no attempt to prove rigorously that the sum of the series is actuelly
zero as is indicated in equation (35).

Tt is apparent by inspection of equation (34) that as + - = the
series converges rgpldly to the value

¥(v,830,%) = & - - (38)

Owing to the expomential nsture of the summands in the series in their
dependence on the time variable, the dominating term will be the one
heving the smallest exponent; that 1s, the second member of the series,
since the first one (n = 0) does not depend on the time at all. There-
fore, the function given by equation (34) will start from zero at t =0
and will rise guickly to the final value B/b practically like an expo-
nential funection with the time constant oo

£ = &%‘)z (37)

Expressed in physical terms, this function determines the flow of heat
from the initisel heat source directly through the thickness of the plate.
The time constant (37) can therefore be expected to be quite smell for
plates of ordinary thickness such as are used in the comstruction of
seircraft. - : : .-

For an aluminum plate,

Thermal conductivity = k = 0.504 c&l/(cm) (sec) (°C)
Specific heat = ¢ = 0.217 cal/(g)(°C)
Density = p = 2.70 g/cm:5

From thils informetion, the thermal diffusivity is
W2 = X = 0.086 cm?/sec
cp

x = Af0.86 = 0.93 cm/ Afsec

Taking b = 1/8 inch = 0.318 centimeter, the time constant is

2
& KO'SB) = 0.0119 sec (38)

= \0.93x%

GC6%
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The rise time of the temperature on the immner surface of the plate, di-
rectly opposite the heat source, should thus be of the order of 12 milli-
seconds. This result will not be particulerly sensitive to the size of
the initlal heat source; that is, it does not depend greatly on the value
of B, since the expression (37) for t' does not involve this parameter.

The tempersture at the point O should have a maximum value, which
is gbout

Q

T =
0,mex cpa.z'b

= 6

o'lw

(39)

The initiasl rise of the temperature at the point O 1s determined by
the flow of heat through the thickness of the plate, but its ulbtimate
decline is governed by the trensverse flow of heat along the plate. This
is expressed by the functions o(a;x,t) end o¢(a;y,t), which, of course,
have the same functional form.

From the initial conditions, the following is expected at % = O:

o if |x| > of2

1 if x| < of2 (40)

¢ (G‘;XJO) =

It is easy to show from equation (28) that this is the case, if 1t is
noted from equation (30) that

g(-q) = -g(n)

g(=) = 1

(41)

The function ¢(a3x,t) is roughly exponential in form and decays
comparatively slowly in reletion to the initial rapid rise of temperature
at the point 0. It is best shown in the form of graphs drawn for speclal
cases. _

The snalysis has assumed that the initisl heat source has a square
cross section and & depth 8. In practice one will have little or no
control over the exact shape of the region in which & lightning stroke
develops hest in the plate; and on the whole one will probebly £ind &
circulasr or roughly elliptical spot. For points near the center of the
spot and points away from the spot by distences lerge compared with the
radius of the spot, the exact shape of the spot will be immaterial. For
an exactly circular spot the analysis can be masde in polar coordinates.
This esnslysis is discussed in a later section for completeness, but its
use would require numericsl work with Bessel functions, which was not
considered justifisble in view of the uncertainties in the data.
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Graphical Exsmple

In order to show the nature of the heat flow in the plate, a partic-

ular case is presented in grephical form. Consider an sluminum plate with

the following dimensions:

Thickness

= 0.318 cm (1/8")

= 0.5 em
Source size

B=0.159 cm (1/16")

The source is then assumed to be 0.5 céentimeter square and extends half-
way through the plate. From the deta given in the preceding section for .
aluminum, the tempersture of the source, for a given heat input Q, is
initially

6= 10.3 Q (42)

vhere Q is expressed in joules, and O 1is the temperature rise
gbove room temperature in degrees centigrade.

Temperature at point O. - The temperature at the point O, which is
on the inside of the plate just opposlite the center of the source, is
considered first. Making use of equation (33) gives

To = To(0,0;t)

Il

8lo(a30,t)| By(b,250,%) (43)

The function w(b,b/z;o,t), which determines the flow of heat through the
thickness of the plate, is plotted in figure 26. It starts from zero and
rises to 0.5, since the flow of heat directly through the plate would
double the amount of heated metal and so would lower the tempersature

by a factor 0.5. This function is plotted on & universal time scale

as & function of t/t', where t' is defined by equation (37).

The function ¢(0.5;0,t), which determines the flow of heat away from

the point O along the plate, is plotted in figure 27. This graph starts
at unity at t = 0 and diminishes comparatively slowly to zero.

The camposite result, giving the temperature at the point O, is
plotted as curve A in figure 28, which shows that the temperature at O
rises to about 6/4 as its maximum value in about 20 milllseconds and
then falls rather steeply; in 1/10 second it is down to 8/10. This
point will obviously be the hottest on the inside of the plate, so that
the rapidity with which 1t cools off will be an important criterion
governing the firing of an explosive gas mixture that contacts the sur-
face here.

coes
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Tempersture at a neighboring point. - As an indication of the tem-
peratures reached on the inside of the plate near the source point, the
temperature-time curve has been plotted for & point 0.5 centimeter from
the point 0. The curve is given as curve B of flgure 28. The tempera-
ture at this point rises slowly to only about 25 percent of the maximum
temperature at O and then falls slowly. The fiow of heat along the
aluminum plate is so rapid that only the points quite near the initial
source are heated to any great extent.

Effect of Continuous Source

It has been assumed in the previous calculations that the heat source
is established instanteneocusly at time %+ = O and that only the tempera-
ture distribution from this origin is significent. In practice, the
applicetion of the heat will not be so instentanecus, but the source may
be applied for some time and may vary from instent to instant in magni-
tude. Once the problem of finding the temperature distribution from an
instanteneous source has been solved, it is possible to write the method
of finding it from a varieble source, taking sdvantage of the linearity
of the differentisl equation of heat conduction and of the boundery
conditions.

First the notation in which the result has been expressed will be
revised. Tnstead of using the particular Instant +t = 0 as the time of
application of the source, this instant is indicated as t;. Also,
suppose that the heat is supplied in an infinitesimal time interval d%,,
such that Q = q(t,)dt;. Then, from equation (31) the tempersature dis-
tribution following from this source at times t > t1 would be given by
the formule ; . .

a(tq)
T(X;YJZ:t) = 2 ‘D(a’ith'tl)q’(aGY:t‘tl)*(bsﬁiz‘vt'tl)dtl (44‘)
cpe B .

Clearly, to find the temperature distribution from a set of sources
operseting in the past 1t is necessary only to sum (integrate) expression
(44) over all the sources that have been present. This ylelds the final
formula:

t

1
T(X:Y:Z:t) = 2[3_[ q_(-bl)cp(m;x,t-tl)q>(m;y,t-tl)wy(b, B;Z,'b-‘bl)dtl
cpa _

o

(45)

Tt is not practilcsble to evaluste this expression by actual inte-
gration if the source fumction q(tl) is very complex. The best method
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of handling 1t is probebly by numericel and graphical means, approximating
the source functlon by a set of dlscrete sources.

Treatment of Infinite Plate in Cylindrical Coordinates

The mathematical analysis of the heat flow in a plate has been car-
ried out entirely In terms of Cartesian coordinetes in the earlier sec-
tions of this report. This hes led to the use of a heat sowurce in the
form of & small rectangulasr parallelepiped. _ The reader may consider that
1t would be more sensible to use a hest source 1ln the form of a small
cylinder. This is certainly correct in principle, and the procedure used
has been one of convenience only. In this section the analysis is carried
through for cylindrical polaxr coordinetes with a cylindricel shape for the
source and solved in terms of Bessel functions.

Using the usual cylindrical poler coordingtes, with origin at the
point O, the heat-conduction equation takes the form

2 2
[x2<-:;§+%§+§;§)-%]T=o (48)

Only cylindricelly symmetric solutlons need be considered, so that the
temperature depends only on the distance from the center of the plate
and not on the angular position around the source.

First, particular solutions of the differentisl equation (46) are
sought which obey the boundary conditions of the problem. Here an ia-
finitely large plate is teken at the start, so that the boundary condi-
tions reduce to the requirement that the solution be finite everywhere,
and be single-valued. There is to be no flow of heat from the surfaces
of the plate, so that JdT/dz =0 at z = O,b.

Particular solutions setlsfying these conditions are of the form

F(z) con [(2)z]exe]- (22) ") exp (12 (47

where X\ 18 an arbitrary real positive constent, snd F(r) is a solu-
tion of the differential equation

2
a 14 2 _
R 7\) F(r) = 0 (48)

Th; only solution of equation (48) that remains finite at r = 0 (for
A4 0) is

GEEv
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F(r) = constant x Jy(Ar) (49)
where JO 1s the Bessel function of first kind of order zero.

To satisfy the initial conditions these particular solutions are
canbined linearly. The members in the verigble z must be summed over
the non-negstive integer n = 0,1,2 . . ., while the radial solutions
must be integreted over the parameter A. TIf the initial heat source is
a small cylinder of radius a and depth B, Into which an amount of heat
Q 1is deposited at t© = 0, the result is

T(r,2,t) = —i— o(a;r,t)¥(b,B;2,t) (50)
cpona B

with

gy B\ eon [(E) o) min () gz
¥(b,B52,t) = 3 2 ey = xp[ (=) t] (51)

which is identicel with the function defined in equation (20). The func-
tion ¢(aj;r,t) is of the form

o(a;7,t) = j: g(A) Tohr) exp(-ABe]\ ax (52)

where g()) must be determined from the initial conditions. Here the
following is required:

O if r > =
o(s5x,0) = g (53)
1 if r<a=a

¢ (a;r,0) = u(r) (54)
Then, from equation (52),
r) = “ A) Ja(hz)X an
u(xr) fog()oua (55)

The inversion of this integral equation for g(\) when the left side is
& known function gives
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g() =j: u(r) Johr)r ar (56)

Meking use of the initial conditions (5‘5) whichk define the function
u(r), in the present problem

g(\) = /: JolAr)r ar (57)

This leads to the formula

o(ayr,t) = fw[fa Jo(AR)R d.R] To(hr) exp(-th A
0 0

= f: U: To(AR) T (Ax) exp(- ) dx]R ar (s8)

It would be possible to make use of these formulas for the calcula-
tion of the temperature distribution in the plate, but the work would be
greater then by the earlier method, without significent increase in
accuracy of the result.
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TABLE I. - COMPARISON OF FEAK CURRENT, MECHANICAL FORCES, HEATING EFFECT, AND

CHARGE TRANSFER OF THREE TYPES OF SURGE CURRENT GENERATORS THAT

REPRODUCE EFFECTS OF NATURAL LIGETNING ON ATRCRAFT

High-current
generator,
3.3 pf at 150 kv

Secondary stroke
generator,
3,000 uf at 10 kv

Long-duration
current generator,
200 amp at 12 kv

Peak current, duration
and wave form

100 ,000-~gx1p

daration = lO"5 ger
to 1/2 value criti-

5,000-amp

durstion = 1072 gee
to 1/2 value criti-

200-amp
duration = 1 sec
rectangular wave

eally damped cally damped
Relatlve mechanical 100.0 0.25 0.0004
force, proportional to
equere of peak current
(ampleo'a)
Relative heating = 63,000 R = 172;000 R = 40,000 R
effect;,; proportional
t0 energy released
R I2 dt, Joule%
Relatlve erosion and (C)x(®m) (e)x(E) (T)=(t)
pitting effect, -6 4 -6 - 200 x 1
3.3x10 © x 15%107 | 3,000x10 ~ x 10,000 =2
proportlonal to charge - 0.5 coulomd - 30 coulomby 00 coulombs

transfer

922% ML VOVN
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(a) IZaboratory building and network.
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Spherical mirror for 3600 photographic recording
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g of all lightning discharges in vicinity

radio-interference High-voltage

impulse components from generator

the discharges
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aree
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Library and
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.
Iightning Darkroom " .
generator . =1 wk | mm——
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1.5 million volts D.C. Shop - \—D.C. Power
generator

(b) Cross section of laboratory showing
test facllities.

Altitude
chamber

Control room

High-
current
generator

High-current

genersators
100,000 amps.

Figure 1. - Lightning and Transients Research Institute laboratory for producing

similated lightning channel.
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[wol‘bs
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Figure 2. - Composlte waveform generators and resulting waveform.
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Figure 3. - Environmental explosion
chamber with integral wind tunmnsel.
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* ~ voltage
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Measuring

equi t
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Wind-tunnel

Figure 4. - Schematic diagrem of environmental explosion
chanber showing location of integrel wind tummel, camera,

and measuring equipment.
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Control-
rz°§ |~ High-charge
window generator

e

High-voltage
generator

Fire-
extinguishing

P

s v‘/
High-current
generator

\

N

Q
AN

[ [ 7

Insuleted
air-blast
duct

Figure 5. - Concrete-block pit for full-scale experimental setups to control
possible explosion and fire hazards from ignited fuels during laboratory
tegts involving discharges to full-size fuel tanks.
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Refrigeration |

N

= |

Figure 6. - Environmental explosion tank for test setups with discharge
to smell fuel cells under different condltions of temperature, air

velocity, and pressure.

.




42

NACA TN 4326

— Test plate

Thermocouples
—
25 Multichannel
Amplifiers recorder
Cold Selector
Junctions switch
] J
Oscillograph

Figure T. - Block diagram of thermocouple system.

- Cross section through center of crater
produced by leboratory discharge to 1/8— inch-
thick aluminum plate.

Figure 8.
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(a) Theorstlcal curve.

/0
/]

.001 .01 .1 1
Time, t, sec

(b) Experimental curve.

Figure 9. - Temperature-time curves for 1/8-inch-thick aluminum plate.
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Seev

0 Sec

0.004 Sec

s

C-47616

0.204 Bec

0.010 Sec

Figure 10. - Photographic sequence of sample fuel-tank ignition by
artificlal-1ightning discharge. .



4935

NACA TN 4326

45

0.058 Sec

0.080 Sec 0.120 Sec

Figure 1l. - Fuel-tank explosion by ertificisl-lightning discharge
with 300-mph wilndstream.
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Temperature
indlicator

—

To high-
current 01"/
generator Wind -tunnel
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7
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e g ] observer
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A / window
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flow Thole 7pressure G\\\
head
Fire
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Cethode follower and
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pressure measurement

Figure 12. - Test arrangement for scale fuel-tank explosion studles.
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Figure 13. - Photomicrograph of cracks in fusl-tank
well where no direct puncture or explosion occurred.
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(a) Without windstream.

(b) With windstream.

Figure l4. - Sperk showers from punctured
aluminum sheet with and without windstream.
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C-486615

200-coulomb 30-coulomb 30-coulonmb 30 coulombs
long-duration long-duration long~duration with short pulse
200-amp peak 500-amp peek 4000-zmp peak 150,000 amp

(b) Holes burned in 20-mil aluminum by laboratory-generated
artificiasl discharges.

Figure 15. - Comparison of holes burned by natural and ertificial lightning.
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(&) Puncture of 0.064-inch sheet (b) Erosion but no puncture in
by standard 230-coulomb discharge. 0.081-inch sheet by standard discharge.

(c) Puncture of double-wall 0.040- (d) Puncture of 0.040-inch sheet
inch sheet spaced 1/8 inch. by 20-coulomb discharge.

(e) Puncture of 0.08l-inch sheet (£) Erosion of 0.081-inch sheet
with windstreem and faulty discharge. with windstream and steandard dlscharge.

Figure 16. - Erosion or puncture of fuel-tenk aluminum alloys
(shown hslf size) by artificial-lightning discharges.
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Figure 17. - Hole and pit marks on & wingtlp fuel-tenk
tailcone caused by natural lighitning.

NP
C-47613
Figure 18. - Successive iIn-line displacements of holes

burned by natural lightning in 20-mil aluminum air-
craft skin as aircraft moved through discharge.
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Filgure 19. - Variation of percentage of lightning strokes to alrcraft with
temperature in U.S. flights.
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Figure 20. - Variation of lightning strokes to alrcraft with altitude in U.S.

flights; 123 incldents.
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Propeller |
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Figure 21. - Disgtributlon of damage in 275 lightning dlscharges to aircraft.
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C-47612

Figure 22. - Two-million-volt discharge entering
model aircraft verticel fin and leaving antemma
mast below fuselage.

Figure 23. - Two-million-volt discharge entering
model aircraft vertical fin and leaving pro-
peller. A streamer may be noted off wingtip.
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Flgure 24. -~ Laboratory discharges to scale model
of jet alrcraft showlng strokes to nose and
wingtip tank.
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GC6%

Figure 25. - Plot of equipotentials about Jjet aircraft
in cross fleld before and after lightning stroke
contacts tail of aircraft. .
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Flgure 26. ~ Function ¢ (b, b/2; 0, t). which determines the flow of heat through the plate.
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Figure 27. - Function ¢ (1/2; O, t), which determines the flow of heat along the plate.
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Figure 28. - Temperature-tise cirves; b = 0.51B centimeter (1/8 in.); B = 0.159 centimster
(1/16 in.); and a = 0.5 centimeter.
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